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the	 active	 and	 selective	 surface	 of	 iron	molybdate	 catalysts	 and	 show	 that	 the	 effective	 catalysts	
comprise	molybdenum	 rich	 surfaces.	We	 conclude	 that	 it	 is	 therefore	 important	 to	maximise	 the	
surface	area	of	these	active	catalysts	and	to	this	end	we	have	studied	using	a	new	physical	grinding	
method	with	oxalic	acid.	For	super-stoichiometric	materials	 (Fe:Mo	=1:2.2)	 the	reaction	data	show	











Iron	 molybdate	 catalysts	 have	 been	 used	 for	 the	 industrial	 production	 of	 formaldehyde	 from	




Two	 Industrial	 processes	 for	 the	 production	 of	 formaldehyde	 have	 been	 used;	 i)	 the	
dehydrogenation	of	methanol	over	a	supported	silver	based	catalyst	[1-3]	or	ii)	the	partial	oxidation	




oxide	 catalyst	 has	made	 the	 partial	 oxidation	 process	more	 economically	 viable	 compared	 to	 the	
silver	based	catalytic	system	[7].	
Iron	molybdate	has	been	established	as	an	effective	methanol	partial	oxidation	catalyst	since	it	was	
reported	 in	 1931	 [8].	 The	 industrial	 catalysts	 are	 composed	 of	 two	 phases;	 Fe2(MoO4)3	 with	 an	
excess	 of	 MoO3	 [5].	 The	 excess	 MoO3	 has	 recently	 been	 found	 to	 have	 a	 dual	 function.	 First	 it	
increases	the	selectivity	towards	formaldehyde	production	by	aiding	the	dispersion	of	iron	sites	over	









only	 iron	 or	molybdenum	 that	 do	 not	 contribute	 to	 the	 catalytic	 activity	 [9].	 These	 factors,	 along	








In	 recent	 years	 we	 have	 particularly	 been	 interested	 in	 the	 nature	 of	 the	 active	 surface	 of	 this	
material,	that	is,	what	is	the	surface	composition	and	structure		[9,11,12,14,16,	20-25]?	In	addition,	





greener	 alternative,	 by	 eradicating	 the	 need	 for	 a	 solvent	 in	 the	 catalyst	 preparation	 procedure.	






acid	 method	 of	 preparation	 to	 achieve	 materials	 with	 enhance	 surface	 area.	 In	 particular	 we	
investigate	 the	 effect	 of	 varying	 the	 Fe:Mo,	 ratio	 (1:1.5,	 1:.2.2	 and	 1:3),	 and	 assess	 the	 catalytic	
performance	 for	 the	 selective	 oxidation	 of	 methanol	 to	 formaldehyde.	 The	 performance	 of	 the	
oxalate	solid	state	ground	catalysts	are	compared	with	a	conventional	coprecipitation	catalyst.		
2.	The	nature	of	the	surface	in	iron	molybdate	catalysts.	
We	have	 examined	 the	 surface	 of	 iron	molybdate	 catalysts	 that	 are	 active	 for	 selective	methanol	
conversion	by	a	range	of	techniques.	The	conclusions	of	this	work	are	i)	it	is	critically	important	that	
the	surface	is	dominated	by	Mo,	ii)	Mo	tends	to	segregate	to	the	surface,	even	when	present	in	the	




bulk	 loadings	 CO2	 is	 the	 main	 product	 since	 iron	 oxide	 is	 a	 combustor,	 and	 converts	 adsorbed	
methoxy	through	to	formate	as	the	intermediate	in	the	combustion	pathway.	Figure	2	shows	DRIFTS	




reduced	very	quickly,	 so	 that	by	only	0.05	mol	 ratio	of	Mo	the	CO2	has	been	reduced	to	only	50%	
selectivity.	The	major	product	at	the	intermediate	loadings	of	Mo	is	CO,	though	formaldehyde	begins	
to	be	made	even	at	 low	loadings.	Finally,	as	we	approach	stoichiometry	of	Mo:Fe	1.5	(mol	fraction	



















































Mo	 coverage,	 and	 especially	 the	 CO2	 level	 does	 not	 decrease	 fast	 enough	 with	 increasing	 Mo	
loading.	However,	 in	principle,	 combustion	of	methanol	 is	 a	much	more	demanding	 reaction	 than	
selective	 oxidation,	 in	 the	 sense	 of	 surface	 oxygen	 (Os)	 demand,	 as	 illustrated	 by	 the	 equations	
below	–		
	


























Single sites for 








can	 be	 seen	 that	 increasing	 this	 requirement	 has	 a	 positive	 effect	 on	 quickly	 diminishing	 CO2	
production	at	low	Mo	levels.	Of	course	figures	1	and	3	are	not	directly	comparable,	in	the	sense	that	













Returning	 then	 to	 figure	 1,	 it	 could	 be	 that	 the	 surface	Mo	 is	 higher	 than	 the	 bulk	 value.	 This	 is	
undoubtedly	the	case	[12,	23],	but	the	level	of	segregation	is	insufficient	to	explain	the	asymmetry	in	
the	 curves	 (e.g.	 the	 surface	 region	Mo	 by	 XPS	 for	 the	 bulk	 loading	 of	 0.05	 is	 0.13	 [23]).	 Thus	we	
believe	 the	 ensemble	 description	 of	 figure	 3	 is	 indeed	 a	 reasonable	 approach	 to	 describe	 the	
behaviour	 seen.	 So,	we	 consider	 that	 the	 selective	 surface	 is	 one	which	 has	 no	 Fe	 present	 in	 the	
surface	layer,	which	is	totally	dominated	by	Mo.	However,	we	don’t	yet	know	the	EXACT	nature	of	
the	 active	 site.	 Recent	 experiments	with	 XAS	 on	monolayer	 catalyst	 have	 shown	 that	 the	 surface	
layer	of	Mo	is	of	distorted	octahedral	structure	(as	it	is	in	MoO3),	whereas	ferric	molybdate	itself	is	











at	 the	 atomic	 level	 [30].	When	we	dose	Mo	onto	 the	 surface	of	 single	 crystal	 iron	oxide	 then	we	
observe	 the	 nature	 of	 the	 monolayer	 Mo.	 It	 is	 in	 the	 6+	 oxidation	 state,	 which	 is	 the	 selective	






















The	 preparation	 of	 the	 iron	molybdate	 catalysts	 with	 Fe:Mo	 ratios	 of	 1:1.5,	 1:2.2	 and	 1:3	 	 were	
carried	 out	 using	 a	 procedure	 described	 previously	 [20].	 Iron	 nitrate	 Fe(NO3)3.9H2O,	 ammonium	
molybdate	 (NH4)6Mo7O24,4H2O	 and	 oxalic	 acid	 H2C2O4	 (molar	 ratios	 =	 1/0.21/10,	 1/0.31/10	 and	




A	 catalyst	 was	 also	 prepared	 using	 a	 conventional	 coprecipitation	 method	 [15].	 A	 solution	 of	
ammonium	heptamolybdate	tetrahydrate,	(NH4)6Mo7O24,4H2O,	(9.71	g	in	150	ml	distilled	water)	was	



































5.2	 °C	 in	 a	 thermostatically	 controlled	 water	 bath.	 The	 methanol/helium	 and	 oxygen	 were	



















An	 excess	 of	 MoO3	 is	 present	 in	 catalyst	 Fe:Mo	 =	 1:1.5,	 even	 though	 it	 was	 made	 with	 the	
stoichiometric	 amount	 of	 Fe:Mo.	 This	 suggests	 that	 upon	 grinding	 the	 solid	 precursors	 did	 not	
intimately	 mix	 and	 therefore	 phase	 segregation	 occurred	 producing	 a	 non-homogenous	 catalyst.	
However,	we	could	not	identify	a	separate	iron	oxide	phase	to	compensate	for	the	MoO3	formed.	As	
the	 molybdenum	 content	 was	 increased	 the	 reflection	 indicative	 of	 excess	 molybdenum	 trioxide	
increased	(12.	8	°).	The	increase	in	iron	oxide	present	observed	with	increasing	molybdenum	content	
is	counterintuitive,	excess	molybdenum	should	promote	the	formation	of	the	iron	molybdate	phase	




Raman	 spectra	 (Figure	 8)	 were	 also	 obtained	 for	 the	 fresh	 iron	 molybdate	 catalysts.	 Raman	
spectroscopy	 shows	 that	 with	 increasing	 molybdenum	 content,	 from	 1:1.5	 to	 1:3,	 the	 bands	
characteristic	 for	molybdenum	oxide	stretching	modes	 in	MoO3	and	Fe2(MoO4)3	 increased.	A	weak	
Raman	 band	 (667	 cm-1)	 is	 observed	 for	 catalyst	 with	 the	 stoichiometric	 amount	 of	 iron	 to	
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Table	 1:	 BET	 surface	 area	 analysis	 and	 maximum	 yield	 of	 formaldehyde	 production	 of	 the	 iron	
molybdate	catalysts.	
Catalyst		 BET	 Surface	 Area	
(m2	g-1)	



















area,	 which	 is	 in	 contrast	 to	 our	 previous	 findings	 for	 co-precipitated	 catalysts	 [14].	 The	 catalyst	
prepared	by	co-precipitation	and	the	analogous	material	prepared	using	the	oxalic	acid	method,	has	
a	lower	surface	area.	This	suggests	that	upon	calcination	the	oxalic	organic	material	decomposes	to	
produce	a	higher	 surface	area	material.	 SEM	 images	 (Figure	9)	 complements	 the	BET	 surface	area	
analysis	data	and	 shows	 that	 the	pores	 formed	on	 the	 surface	by	 the	decomposition	of	 the	oxalic	
acid	may	produce	the	voids,	as	these	are	not	present	with	co-precipitation	catalysts.	Increasing	the	


































The	 stoichiometric	 catalyst	 (Fe:Mo	 =	 1:1.5)	 showed	 a	 	 slightly	 higher	 selectivity	 to	 formaldehyde	
compared	 to	 the	catalysts	with	higher	molybdenum	ratios.	Catalysts	with	a	Fe:Mo	=	1:2.2	and	1:3	









A	 summary	 shown	 in	 Figure	 11	 and	 Table	 1	 compares	 the	 performance	 of	 all	 the	 catalysts.	 The	
catalyst	with	Fe:Mo	1:1.5	produced	lower	yields	of	formaldehyde.	However,	the	catalyst	was	more	
active	at	 lower	temperatures	 than	catalysts	with	higher	Fe:Mo	ratios	and	the	catalyst	prepared	by	
coprecipitation,	which	 is	 characteristic	 of	 higher	 iron	 content	 iron	molybdates	 [11].	 Both	 catalysts	
15	
	
with	 Fe:Mo	1:2.2,	 prepared	 either	 by	 physical	 grinding	with	 oxalic	 acid	 or	 by	 co-precipitation,	 are	
similar,	 initially	 showing	 higher	 selectivity	 towards	 formaldehyde.	 Formaldehyde	 selectivity	 then	
decreased	steadily	and	the	catalyst	prepared	by	physical	grinding	showed	a	higher	yield,	2.6	%	more	
than	the	catalyst	prepared	by	co-precipitation,	and	with	30	°C	lower	temperature	for	the	maximum	
yield.	The	 introduction	of	 voids	 in	 the	catalyst	 surface	creates	a	 larger	 surface	area	 shown	by	BET	
(Table	1)	which	may	be	a	cause	of	the	increase	in	formaldehyde	yield.		Catalyst	with	a	Fe:Mo	=	1:3		
showed	a	decrease	in	selectivity	towards	formaldehyde	resulting	in	a	lower	yield	(87.1	%)	shown	in	
Table	 2.	 The	 localisation	 of	 high	 iron	 centres	 shown	 by	 XRPD	 (Figure	 7),	which	may	 reside	 in	 the	
voids,	could	cause	 the	decrease	 in	selectivity	due	 to	 the	presence	of	 iron	oxide	species	promoting	





































detailed	study	of	the	surface	has	shown	that	 it	 is	 important	to	have	a	molybdenum-rich	surface	to	
ensure	 high	 selectivity.	 It	 is	 therefore	 important	 to	 maximise	 the	 surface	 area	 of	 these	 active	
catalysts	 and	 this	 we	 have	 studied	 using	 a	 new	 physical	 grinding	 method	 with	 oxalic	 acid.	 The	
synthesis	 of	 iron	 molybdate	 catalysts	 using	 this	 physical	 mixing	 method	 is	 compared	 with	
conventional	co-precipitation.	 Increasing	the	molybdenum	content	affected	both	the	structure	and	
performance	of	 the	 catalysts	prepared	by	 the	oxalic	 acid	method	with	 the	best	 catalyst	having	an	
Fe:Mo	 ratio	 of	 1:2.2.	 For	 super-stoichiometric	materials	 (Fe:Mo	 =1:2.2)	 the	 reaction	 data	 showed	
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